Mass spectrometric studies of the vapours over solid lead oxide in a flow of gaseous arsenic and antimony trioxides were conducted. The following ions of the ternary oxides were detected: species also existed in the gas phase. Thermodynamic data for the ternary oxides were obtained experimentally by means of a mass spectrometric Knudsen-cell method and were confirmed by quantum chemical calculations.
Introduction
Previously, we reported the following gaseous ternary oxides built from a transition metal and a main group metal or metalloid: Sb 2 1,2 We continue our investigation of gaseous ternary oxides with a system consisting of a volatile metalloid oxide X 2 O 3 (where X = As or Sb) and the PbO metal oxide, which has a lower volatility. Several studies of the vaporisation of the pure oxides of PbO, [3] [4] [5] As 2 O 3 6,7 and Sb 2 O 3 8,9 using mass spectrometric methods have been reported by several authors. In the gas phase over solid lead monoxide at a temperature of approximately 1000 K, PbO, Pb 2 O 2 and Pb 4 O 4 were found to be the main compounds. Very low concentrations of Pb 3 O 3 , Pb 5 O 5 and Pb 6 O 6 were also detected. [3] [4] [5] Mass spectrometric studies of the vaporisation of As 2 O 3 have shown that the gas phase of the As-O system is highly complex. 6 Besides gaseous As 4 O 6 and AsO species, which were previously known to exist in the gas phase, other stable species including As 4 O 5 , As 4 O 4 , As 4 O 3 , As 3 O 4 , As 2 O 3 and AsO 2 were detected in the gas phase. 6 The studies of the Sb-O system showed incongruent evaporation of Sb 2 O 3 trioxide and revealed errors in previous studies on the congruent evaporation of Sb 2 O 3 . 8, 9 Analogous to the As-O system, the gas phase over antimony trioxide primarily consisted of Sb 4 O 6 molecules. The formation and thermodynamic stability of antimony monoxide SbO have been previously investigated by mass spectrometry. 10 The authors observed the formation of SbO species by the oxidation of atomic Sb at temperatures of approximately 1880 K. There are several gaseous ternary oxides such as SnPO 2 , SnPO 3 11 and GePO 3 , 12 which are related to the lead-arsenic and lead-antimony oxides, which have been detected using mass spectrometry. To the best of our knowledge, no other experimental and quantum chemical studies of gaseous ternary molecular oxides of groups 14 and 15 elements have been reported. Two relative solid compounds PbAs 2 O 4 and Pb 2 As 2 O 5 were reported and their structures were investigated elsewhere. 13 In the present work, with the help of mass spectrometry and quantum chemical calculations, we discuss the formation and stability of ternary oxides over two gaseous mixtures, PbO Therefore, a double Knudsen cell was used in the mass spectrometric experiment. In the first experiment, solid As 2 O 3 was continuously evaporated at 423 K and flowed through the solid PbO at 900 K. Analogously, in the second experiment, Sb 2 O 3 was evaporated at 673 K and flowed through the solid PbO at 1110 K. The reaction products leaving the Knudsen cell were analysed by mass spectrometry.
The relative intensities of the ions in the mass spectra are presented in Table 1 . Additionally, mass spectrometric measurements of the vaporisation of pure oxides were conducted for comparison, and those results are also presented in (6) can be used in most cases (the procedure of simplification is described elsewhere 17 ):
The proportionality factors c 1 and c 2 were determined by a calibration experiment for both systems and were found to be c 1 = 3.6 × 10 −10 and c 2 = 3.4 × 10
The mass spectrometric measurements of pure oxides As 2 O 3 and Sb 2 O 3 were used for the calibration. The proportional factors c 1 and c 2 were determined within the error of a factor of 8 and 7 respectively.
Using the c 1 and c 2 values, the relative intensities ∑I i , and applying eqn (6), the partial pressures of the gaseous molecules in the two equilibrium gaseous mixtures PbO-As 2 O 3 and PbO-Sb 2 O 3 can be calculated (Table 2) . It was taken into account that arsenic and antimony oxides were constantly evaporating at lower temperatures (423 K and 673 K, respectively) and when they passed by lead oxide at higher temperatures (900 K and 1110 K, respectively). Tables 2 and 3 present the parent ions, their fragments, which contributed to the gaseous molecules, and the partial pressures of these molecules. We assumed equilibrium inside the Knudsen cell in the systems under consideration. The equilibrium in the Knudsen cell was confirmed by vaporisation of As 2 O 3 oxide. 14 The equilibrium in the gas phase was investigated in the Knudsen cell over Sb 2 O 3 and PbO oxides too. [3] [4] [5] 8, 9, 15 Using the partial pressures, we determined the equilibrium constants of the formation of the arsenic-lead and antimonylead ternary oxides, which will be given later in this paper.
Density functional theory computations
The def2-TZVP/RI-BP86 method allows a good correlation between the calculated values and the experimental data for many oxides to be obtained. We successfully used the method employed previously for studying oxide systems containing molybdenum, tungsten, tellurium and antimony oxides. 1, 2 We also used the def2-TZVP/RI-BP86 method in the current study and showed the correlation between the experimental and calculated data for arsenic, antimony and lead oxides. First, the oxides PbO, Pb 2 O 2 , Pb 3 O 3 , Pb 4 O 4 , and X 4 O 6 (where X = As or Sb) were quantum chemically investigated. Total energies, thermal energies, point groups of the molecules and geometrical structures of pure lead, arsenic and antimony oxides are given in Table 4 .
Monomers and oligomers of lead oxide, arsenic oxide and antimony oxide have also been theoretically studied elsewhere. [18] [19] [20] The calculated geometrical structures with their point groups, bond lengths and angles in that study agree well with our calculations. Table 7 , and the structures are shown in Fig. 1. For Pb 3 As 2 O 6 , several structural isomers were found, and the optimised geometries and total energies of the isomers were also calculated and are presented in Table 7 (E tot (I) < E tot (II) < E tot (III)) and in Fig. 1 .
Transitions between the isomers of Pb 3 As 2 O 6 at the experimental temperature of 900 K can be characterised by Gibbs free energy: Δ i G 900 (II→I) = −51.9 kJ mol −1 and Thermodynamic values for all of the compounds were obtained using the FREEH module and a scaling factor of 1.053 with a temperature range from the standard temperature to the temperature of the mass spectrometric experiments of 298-1000 K. The entropy, S 0 T , can be approximated as a function of temperature:
The a, b and c coefficients of the heat capacity function c Table 10 .
The thermodynamics of gaseous monomer and oligomer molecules of lead oxides have been studied elsewhere. [3] [4] [5] The enthalpies of oligomerisation for the lead oxides from the literature and our calculated values are compared in Table 11 .
The calculated standard enthalpies of dimerisation and tetramerisation are in very good agreement with the literature values. The literature values of the enthalpy of the trimerisation process differ from each other and had an error of ±25 kJ mol −1 ; our standard enthalpy value falls between the experimentally obtained ones. Thus, our method gives satisfactory results for the calculations of the enthalpies of reactions and can be used to investigate the thermodynamic characteristics of the ternary oxides. Table 12 presents the reactions for the formation of the ternary lead-arsenic and lead-antimony oxides as well as the calculated enthalpies, entropies and equilibrium constants at standard and experimental temperatures for these reactions.
The calculated standard enthalpies of formation Δ f H The equilibrium constant K p,T is related to the reaction enthalpy, reaction entropy and temperature by the van't Hoff equation. The experimental reaction enthalpies Δ r H 0 T for processes 1′, 2′ and 3 are calculated with eqn (8) and presented in Table 13 . 
The enthalpies of formation (Δ f H 0 T ) of the ternary oxides (Table 14) were obtained using the determined enthalpies of reactions Δ r H 0 T (Table 13 ) and enthalpies of formation Δ f H 0 T of PbO(g), PbO(s), As 4 O 6 (g) and Sb 4 O 6 (g) oxides at experimental Table 14 for comparison.
Error estimation by the determination of the experimental standard enthalpies of formation
In the present section we estimate errors in the determination of the standard enthalpy of formation. The proportional factors c 1 and c 2 were determined within the errors of a factor of 8 and 7 respectively. The errors of proportional factors lead to the errors of equilibrium constant K p,T and give the deviation of ln K p,T ± 1.1 for reactions 1′, 2′ and ±1.0 for reaction 3. The error of the sum of ions ∑I i (eqn (6) 
Experimental

Samples
Yellow lead monoxide (grade puriss. p.a), arsenic trioxide (grade puriss. p.a) and antimony trioxide (grade puriss. p.a) were used in the present study.
Mass spectrometry
Mass spectrometric measurements were carried out using a modified Finnigan type mass spectrometer. The vapours effusing from the Knudsen cell were ionised with 70 eV Table 10 Calculated thermodynamic characteristics of lead-arsenic and lead-antimony oxides (def2-TZVP/RI-BP86, scaling factor = 1.053) electrons and accelerated to 3000 V. Ion currents were detected by an electron multiplier at 1.6-2.0 kV. Two systems were experimentally investigated in the gas phase: X 2 O 3 -PbO, where X = As or Sb. A quartz double Knudsen cell (described elsewhere 29 ) with an effusion orifice 1 mm in diameter was employed in the investigation of these systems. Temperature was measured with a Pt-Pt/Rh thermocouple. X 2 O 3 oxides were continuously evaporated (As 2 O 3 at 423 K and Sb 2 O 3 at 673 K) and flowed through solid lead oxide, which was heated to 900 K and 1110 K, respectively. The reaction products leaving the Knudsen cell were analysed by mass spectrometry. The same method with a double Knudsen cell was previously applied in the study of the Sb 2 O 3 -WO 3 system. 1 Appearance energies (AEs) of the ions of the ternary oxides were obtained by varying the electron energy to determine the onset of the ions.
Quantum chemical calculations
Quantum chemical calculations were performed using the TURBOMOLE program package. 30 All of the structures of the molecules were fully optimised using density functional theory (DFT) with the BP86 functional and the def2-TZVP triple split valence basis set with a polarisation function and small core ECP functions. RI-treatment was also applied. All computational details have been described in our previous studies. has a cage-like structure with high symmetry D 3h and contains four-coordinate atoms of Pb (Fig. 1) . The Pb 2 X 2 O 5 oxides were not detected. The oxidation state of Pb is 2+ and that of X is 3+ as in PbO and X 4 O 6 oxides. The maximum number of metallic atoms found in these gaseous ternary compounds was five, similar to the results of our previous studies on antimonymolybdenum and antimony-tungsten ternary oxides. 1 It is known that SnPO 2 , which is isoelectronic with PbAsO 2 , is a stable species.
11 AsO 6 also existed in the gas phase. The PbAsO 2 + and AsO + ions have large intensities in our mass spectrum, which allowed us to suspect the presence of PbAsO 2 in the gas phase. However, the determination of the appearance energy of PbAsO 2 + did not confirm our assumptions.
The PbO-As 2 O 3 system has different compounds in the solid state and the gas phase. As was mentioned above, two solid compounds PbAs 2 O 4 and Pb 2 As 2 O 5 were reported. 13 Our study did not confirm the presence of Pb 2 As 2 O 5 in the gas phase, but Pb 3 As 2 O 6 which is not known in the solid state was detected in the gas phase.
The enthalpies of formation of the ternary oxides in the gas phase were determined using mass spectrometry and were compared with quantum chemical calculations. The experimental and calculated standard enthalpies of formation are in very good agreement.
The partial pressures of the ternary lead-arsenic species are about 3 to 4 order of magnitude higher than the partial pressures of pure lead monoxide at the same temperature. The fraction of lead-containing species is enhanced in the presence of As 4 O 6 by a factor of 5000. 
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